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Abstract
We study the passage of active and passive granular
particles through a bottleneck under gravitational
bias. The grains are pharmaceutical capsules with
nearly spherocylindrical shapes on a vibrating ta-
ble. The vibrating plate is slightly tilted in order to
break the in-plane symmetry and to give particles
a motivation to move in a preferential direction on
the plate. The passage through a narrow gate with
openings comparable to the grain length is stud-
ied using video imaging, and particle positions and
velocities are extracted from the recorded frames.
We compare the behaviour of asymmetrically filled,
active capsules with symmetrically filled, passive
ones.
1 Introduction
The evacuation of a crowd of people from a room,
egress of animals from a corral and discharge of
granular material from a silo are, for different rea-
sons, very active, interrelated topics of current re-
search. Seeking the similarities and differences
in these processes promises a more universal in-
sight into their underlying mechanisms. On the
one hand, granular systems can surely not mimic
the complex, individual behavior of spontaneously
decision-making people or animals, but may nev-
ertheless reproduce fundamental features of egress
studies. On the other hand, conducting experi-
ments or field studies with humans, or with animals,
is restricted by ethical principles and laws, requiring
tremendous efforts and costs. There are usually re-
strictions to safe situations (no panic) with compar-
atively few participants, or one has to refer to data
of coincidentally recorded events. The outcome is
influenced by psychological components which are
hard to determine quantitatively, and it usually
depends on social, cultural and professional back-
ground, as well as the age of the test persons [1–4].
Computer simulations, succeeding the works of Hel-
bing et al. [5–7], often capture only a fraction of the
complexity, or may require substantial computation
effort. This motivates studies of less complex, inan-
imate objects that reproduce some important fea-
tures of these processes. The properties of such
mechanical objects are easier to control, and ex-
periments can be readily handled and reproduced
in a laboratory. One such example are vibration-
driven granular particles, e. g. [8–17]. The useful-
ness of such self-propelled rod-like objects to mimic
the behavior of biological systems in vitro has been
comprehensively discussed recently in a review ar-
ticle by Ba¨r et al. [18]. A good overview of re-
cent studies of pedestrian dynamics can be found
in Refs. [19, 20]. A more general review of the dy-
namics of systems of active particles was provided
by Bechinger et al. [21]. For a comparison of living
and granular systems see, for example, Refs. [22,23].
We will first recollect some similarities between
the passage of living objects through narrow out-
lets and the discharge of grains from a silo. Emp-
tying of containers through their orifices can fol-
low two different dynamic scenarios [24–27]: In the
first one, which occurs at sufficiently large outlet
widths, the outflow is practically continuous until
the container is practically empty, without consider-
able flow rate fluctuations. The second one is char-
acterized by transient or permanent blockages of the
outlet, usually undesired. Such clogging or strong
fluctuations of the flow rate cause severe problems,
e.g. in construction, agricultural, or pharmaceuti-
cal industries. In crowds of humans or animals, an
even more severe consequence is a build-up of high
pressure near the outlet [28–31], which may lead to
casualties and unresolvable blockages of the door.
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In both biological and granular systems, not only
the prevention of clogs, but also a minimization of
the total time needed for emptying the room or
container (the egress time) and the avoidance of
strong pressure fluctuations are of substantial im-
portance. For people or animals moving through
constrictions, the actual motivation of the individ-
uals is expected to strongly affect the pressure near
the outlet, as qualitatively confirmed by Pastor et
al. [28]. Similar observations were made in experi-
ments with animals such as, e. g., sheep, mice or
ants [19, 20, 22, 32–38], and in numerical simula-
tions [39–41]. Obviously, this intrinsic motivation
to pass the outlet is hard to quantify or even to
control in experiments with living creatures. For
sufficiently wide exits, without congestions, the out-
flow rate (in persons per door width d and timet)
is commonly assumed to be independent of the exit
width [19,20,42] (but see also [43]).
Whereas in living systems, the motivation to pass
an outlet is set by a certain stimulus of the individ-
uals, studies of granular material discharging from
hoppers and silos typically rely exclusively on grav-
ity forcing the grains toward the exit. As long as
a certain fill height of the container is exceeded,
the outflow rate is independent of the fill level
and satisfactorily described by the Beverloo equa-
tion [44–48]. This applies in the free flow regime
as well as during avalanches between clogs [27]. It
predicts an outflow rate that is proportional to d1.5
in a 2D system.
The pressure at the bottom of the silo saturates
above a certain height related to the container di-
ameter, because forces are transferred to the side
walls (Janssen effect) [49, 50]. The actual pressure
depends on the geometry of the container near the
outlet [51]. The outflow and clogging characteris-
tics are affected by inter-particle friction, particle
shape and deformability. A prominent feature of
living systems that distinguishes them from grains
in a classical hopper experiment is their activity
and their intrinsic ability to perform deliberate re-
arrangements of their positions and orientations in
situations perceived unfavorable.
Some features of biological systems can be simu-
lated by using (almost) frictionless, deformable con-
stituents, such as emulsion drops [52, 53] or vis-
coelastic hydrogel spheres [53–57]. Then, perma-
nent clogging occurs only at substantially smaller
opening widths compared to hard frictional grains.
Interestingly, slow particle rearrangements in the
container can evoke intermittent flow with non-
permanent congestions [54], and the pressure near
the outlet can vary substantially in time - a simi-
larity to animals and pedestrians [28,29].
Here, we report experiments with elongated
grains with specially prepared mass distributions,
which are positioned on a flat plate mounted on an
electro-mechanical shaker. We drive these sphero-
cylinders by vertical vibrations of the plate. The
driving frequency and amplitude set the diffusion
parameters of the spherocylinders. At the same
time, we break the in-plane symmetry of the shaker
dish by tilting the setup by a few degrees, defining
a preferred direction of particle motion. Particles
are initially placed in a restricted area with a sin-
gle exit. The ’motivation’ to pass this bottleneck
exit is controlled by the tilt angle of the setup that
sets an effective gravitational force towards the exit.
Experiments are conducted with symmetric grains
that exhibit purely diffusive dynamics, and asym-
metrically prepared, self-propelled grains. We com-
pare the egress behavior of the active grains to the
equally shaped but purely diffusive ones. The be-
havior of this purely mechanical model system is
compared to features of colloidal systems and the
biological systems described above.
Before the experiment is described in detail, it is
necessary to add a few remarks to differentiate our
experiment from experiments with vibrated hop-
pers. Those, at first glance, appear to have some
resemblance to the present setup: Our sample con-
tainer, viewed from above, looks quite similar to a
quasi two-dimensional hopper. Indeed, the parti-
cles essentially remain in a monolayer. The impor-
tant difference is that gravity does not act primar-
ily in the hopper plane. In our setup, this plane
is almost horizontal, nearly perpendicular to the
gravitational force. There is still some small effec-
tive gravitation in the direction of the orifice when
the shaker is tilted, which is needed for the experi-
ment. However, the effective gravity is too small to
overcome friction, so that the particles do not slide
downward when the shaker is off.
Several studies of vibrated hoppers [23, 58–69]
probed the stability and the destruction of clogs
formed at the orifice, denoted as unjamming. Some
other studies applied vibrations during silo dis-
charge in order to characterize either the inhibition
or the support of discharge rates [65–69]. Regard-
ing the present study, the consequences of the vi-
brations are considerable different. In all of these
earlier experiments, the grains are driven downward
towards the orifice by the gravitational force, and
the vibrations in the same direction break arches
and prevent clogging. In our experiments, the os-
cillations are perpendicular to the slope of the con-
tainer and serve only as the energy supply to gen-
erate diffusive or directed particle motion.
Similar to typical biological situations, the parti-
cles we use are substantially elongated. The prolate
shape of the grains strongly affects their diffusion
characteristics [10, 70–72]. Shape-anisotropy can
also affect the packing in denser ensembles (see e.g.
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Refs. [73–79]). In particular, elongated constituents
tend to prefer alignment towards the exit [76–78].
Elongated shapes can suppress motility-induced
phase separation [80]. Caging effects cause a de-
crease of perpendicular diffusion compared to axial
diffusion [10,79].
This manuscript is organized as follows: We first
describe the experimental setup, the particles and
the image evaluation methods. Then, we charac-
terize the dynamics of individual active or passive
particles on a horizontal plate, in dependence of the
excitation parameters. After this, the outflow char-
acteristics of the grains are characterized for specific
driving parameters and tilt. Representative orienta-
tional properties near the orifice are shown. Finally,
we discuss our results in the context of typical exit
scenarios from the literature.
2 Experimental setup, materi-
als and methods
2.1 Particle preparation
We employed two types of particles with identical
shape and size: ’active’ and ’passive’ capsules. The
particles are excited with a vibrating table, and
their dynamic behaviour differs qualitatively in that
the ’passive’ particles show an anisotropic diffusive
behaviour with preferential motion along their long
axes, but without preferred sense of direction, while
the ’active’ particles exhibit an additional directed
motion along their long axes. Details are discussed
in Sec. 3.1.
Figure 1: Sketch of the two types of particles. The
position of the internal weights is indicated in a side
view by dashed lines. Active capsules drift towards
the white cap when excited.
The shells of all particles are commercial pharma-
ceutical spherocylindrical capsules of 21 mm length
and 7 mm diameter (Figure 1). The artificial active
particles contain a copper-plated lead bullet (air ri-
fle ammunition) of 0.48 g mass which is asymmet-
rically glued inside the capsule at one end. The
unequal mass distribution is the basis for the self
propulsion on the shaken plane. Since this bullet
has a smaller diameter than the capsule, it breaks
the rotational symmetry of the particle so that side-
ways rolling of the capsule is inhibited. Active
capsules have two colors, white and blue, in order
to distinguish their heavier head (white) from the
lighter tail (blue) in image processing.
Passive capsules were prepared with same size
and total mass as the active ones, but there are two
fundamental differences to distinguish them from
the active ones: First, the passive particles contain
a thin aluminum bar of 15 mm length which is glued
symmetrically along the major axis of the capsules.
Their motion is symmetric with respect to the long
axis of the capsule. Second, the passive particles
are mono colored (red). They appear symmetric in
image processing.
2.2 Particle excitation and observa-
tion
The particles are excited by vertical vibrations of a
shaker dish with flat bottom and a slightly elevated
border in order to prevent them from leaving the
dish. Figure 2a shows the side view of the experi-
mental setup, without the cameras. The shaker is
driven by a sinusoidal wave form, whose amplitude
and frequencies can be adjusted in a custom-made
Labview program. In order to provide an appro-
priate excitation for the particles, we adjusted the
acceleration to values slightly larger than the gravi-
tational acceleration (g = 9.81 m/s2) to 1.4 g, 1.6 g
and 1.8 g. The corresponding vibration amplitudes
were in the range of a few dozen micrometers, the
excitation frequencies in the range between 50 and
100 Hz. Below the above given minimum excita-
tion in our experiment, the motion of the particles
is very slow. Above 1.8 g, the excitation becomes
too strong, the particles begin to jump, to stand
vertically frequently and topple over in the tilted
hopper, and to leave the horizontal plate.
Figure 2: a) Side view of the experimental setup
with shaker and car jack, the camera above is not
shown. b) The dish with the hopper compartment:
Capsules are initially placed on a triangular metal
sheet mounted on the shaking dish. Its edges are
bent upward. Two of these edges leave a gap at one
side where the particles can exit. The motivation
for the particles to pass this orifice is created by a
slight tilt of the complete setup (up to ≈ 5◦), using
the car jack.
In order to observe the behaviour of the parti-
cles near a bottleneck we manufactured trianglu-
lar plates with different geometries serving as sam-
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ple containers (artificial 2D ’hopper’). Figure 2b
shows the top view of the shaker with the hopper
compartment filled with particles. This metal sheet
provides the confinement in our experiment. Seen
from above, this sheet has funnel shape, its three
edges are bent upward to serve as barriers for the
particles. At one side where two edges approach
each other, they leave a gap which serves as the
bottleneck the particles have to pass.
To motivate the particles to move through the
gap, the whole setup including the shaker and cam-
eras is slightly tilted. We use a car jack to adjust
angles of a few degrees with an accuracy of approx-
imately 0.15◦. The desired slopes in different ex-
periments were between 2.5◦and 4◦. At larger tilt
angles, particles tend to jump and show a tendency
to rise with one end above neighbors. At angles
smaller than 2◦, there is no noticeable trend of the
capsules to move downward within the experimen-
tal time of approximate one minute.
This compartment is fixed onto the vibrating
dish, with a few millimeters height gap between
them. Then, the particles leaving the hopper
through the gap drop down onto the dish and do not
block the orifice after they passed it. The top edge
of the compartment is 190 mm wide, its vertical dis-
tance to the orifice is 110 mm. The opening sizes
were chosen as 15 mm, 18 mm and 21 mm in indi-
vidual experiments. Figure 3 shows the top view of
the compartment initially containing the particles.
The direction of the tilt towards the orifice breaks
the symmetry for particle motion in the plane and
defines the mean preferential direction of motion of
both active and passive particles.
Figure 3: Active (left) and passive (right) particles
in the initial state after filling.
The particles were initially filled into the com-
partment while the shaker was at rest. The two
images in Fig. 3 show typical initial configurations
of the compartment filled with active and passive
capsules. Then, the shaker was switched on and the
emptying of the silo during excitation was recorded
with optical video imaging. In order to characterize
the individual particles, we have additionally per-
formed an analysis of single capsules moving on a
vibrating horizontal plate with the same excitation
parameters but zero tilt. These measurements show
the qualitatively different kinematic behaviour of
both species.
The collective bottleneck passage experiments
were recorded with a Canon EOS customer cam-
era at a frame rate of 60 fps with a resolution of
4 pixels/mm. The setup was illuminated with dif-
fuse light in order to avoid reflexes at the particle
surfaces which are undesired in image processing.
The diffusion experiments with single capsules were
performed with a XiaoYi 4K camera with a resolu-
tion of 26 pixel/mm at 100 fps. The same camera
and frame rate were used to record close-ups of the
orifice to determine the time intervals between the
passages of active particles. The typical duration
of a discharge experiment was of the order of one
minute. The video shown in the supplemental in-
formation shows downgraded footage of a typical
experiment.
2.3 Image processing and analysis
In order to obtain the trajectories of the capsules,
one first needs to detect the particles by means of
image processing and analysis. The detection of
single particles in a video frame can be performed
by separation of colors in the image. For a passive
particle, its center of mass and orientation are then
easily extracted using MATLAB as segmented re-
gion properties. For an active particle, one can find
centroids of colored (blue and white) regions and
the orientation of the vector between them. More-
over, if particles in the image are lying horizontally
on the plate and do not overlap in the camera view,
simultaneous detection of multiple capsules is pos-
sible. The regions corresponding to each single pas-
sive particle are easily separated from each other,
so the detection of multiple particles is easy in this
case.
In order to reliably find the positions and orien-
tations of multiple active particles, one has to per-
form an additional step to match image regions cor-
responding to the blue and white capsule parts of
one and the same capsule. The optimal assignment
problem can be solved so that all vector lengths
between matched blue and white regions’ centroids
correspond to the parameters of real particles. This
avoids a situation where parts of different capsules
are matched. Figure 4a) demonstrates the result
of the detection of active particles, zoomed in from
one exemplary video frame.
After detecting particles on each video frame, the
Crocker-Grier algorithm [81] is applied to find their
trajectories. While tracking works well for a single
particle as well as multiple non-overlapping parti-
cles, it is problematic closer to the orifice, where
capsules often jump, assume tilted positions or even
partially overlap. This is true especially for higher
excitation amplitudes and smaller orifice sizes.
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Figure 4: a) Example of the detection of active par-
ticles. Red arrows show the detected directions of
the capsules. b) Extraction of passage times from
the space-time plot sampled at the orifice. Red lines
correspond to frames where a passage occured.
In the situations where particle tracking is prob-
lematic, one can adopt another method which al-
lows to extract the times when a particle leaves the
silo (passage times). A similar technique was pre-
viously used for the extraction of data in experi-
ments with sheep and humans [22, 82, 83] and soft
grains [54]. Here, from each video frame a thin im-
age slice from a line across the outlet is sampled.
If the frame rate is sufficiently high, one obtains
a long space-time image with blue and white re-
gions corresponding to each capsule which passes
the orifice by stacking these slices. It suffices to
focus on the more easily detectable white capsule
parts, while they are oriented back from the orifice
for the most particles leaving the silo. Moreover,
it is mentioned in Ref. [82] that the exact part
of the object that is chosen as a reference to mea-
sure the passage time does not substantially affect
the statistics. Figure 4b shows a short cutout from
this image which corresponds to 400 frames (4 sec-
onds). By finding the rightmost (latest) borders of
the segmented white regions, marked by red lines
in Fig. 4b), one gets the frame numbers and hence
exact times when capsules pass the outlet. From
these data we obtain the number of particles re-
maining in the silo at each instant of time during
the discharge, as well as the times between sub-
sequent particles leaving it. Additionally, one can
extract the orientations of the capsules.
The identification of passive capsules can be done
analogously. As mentioned before, these capsules
are completely red. In order to detect red par-
ticles, the red channel is extracted with MAT-
LAB and then subtracted from the specified back-
ground(same background subtraction for all im-
ages). Finally, we analyze the properties of the
detected objects such as the centers of mass, po-
sitions, orientations and areas for each frame. As
the passive particles show practically no overlaps
and do not leave the hopper plane, this simple par-
ticle detection is sufficient to access their egress and
orientation behaviour.
3 Results
3.1 Single particle kinematics
For the determination of the single particle mo-
tion, trajectories of isolated grains were recorded
and their mean square displacements (MSD) and
mean square rotational displacements were mea-
sured. Figure 5 shows the evolution of the distribu-
tion of displacements with progressing delay time
for isolated active particles on a horizontal vibrat-
ing plate [84]. It is clearly evident that there is a
drift along the capsule axis, and a slight broaden-
ing of the distribution by additional random, dif-
fusive contributions. In contrast, the distribution
of displacements perpendicular to the capsule axis
remains symmetric with respect to the two sides. It
is a pure diffusion process without drift. The mean
value of this distribution remains close to zero.
Figure 5: Distribution of displacements between
two video frames separated by the delay ∆t for an
active capsule. The left image shows the propaga-
tion along the momentary capsule axis, the right
image shows the same in the direction perpendicu-
lar to that axis. The excitation strength was 1.4 g.
More such plots can be found in the Appendix A
Figure 6 shows typical mean square displace-
ments for the active particles. The displacement
along the capsule axis is nearly two orders of mag-
nitude larger than that in perpendicular direction.
Moreover, the MSD grows with the square of ∆t.
Here, we have chosen a short period of 2 seconds
where the change of the direction of motion by ro-
tational diffusion is still small. The displacements
refer to the initial capsule orientation, which can
change by a few degrees within the evaluation pe-
riod ∆t. The diffusion perpendicular to the capsule
axis is mainly caused by such fluctuations of the
long axis direction, therefore it is also proportional
to ∆t2.
Particle trajectories keep their current directions
for a few seconds, over some persistence length of
the order of the capsule length (see [84]). On long
time scales (∆t  2 s), purely diffusive behavior
takes over, which is well known for active grains
[85].
For the passive particles, the distributions of both
the displacements along and perpendicular to the
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Figure 6: a) Mean square displacements of active
capsules along the capsule axis (filled symbols) and
perpendicular to it (open symbols). b) Mean square
angular displacements of active capsules. Colors re-
fer to excitations with maximum accelerations 1.8
g (red), 1.6 g (blue) and 1.4 g (black)
Figure 7: Mean square displacements of passive
capsules along the capsule axis (filled symbols) and
perpendicular to it (open symbols). The excitation
strength was 1.6 g . Dashed lines are the same as
in Fig. 6a, in order to provide a comparison to the
active capsules.
particle axis are symmetric with respect to positive
and negative displacements. The passive particles
diffuse much more slowly than the active ones, as
seen in Fig. 7. Along their axis direction, they dif-
fuse more than one order of magnitude faster than
perpendicular to it. The MSD curves parallel to
the long axis grows linearly with the delay time ∆t.
The perpendicular diffusion has a stronger depen-
dence on ∆t, since diffusion parallel to the axis is
’mixed in’ due to rotational diffusion (see paragraph
on active particles). Typical distributions of dis-
placements in dependence of ∆t are shown in the
Appendix A in Fig. 14. This appendix also shows
more results for active capsules at different exci-
tation strengths. The essential message from the
single-particle measurements is that we have quali-
tatively distinct behaviour of both types of capsules
that are quantitatively reproducible. On the basis
of these results, we investigate now how the dif-
ferences in the individual particle motions influence
the collective behavior in the bottleneck passage ex-
periment.
We conclude from these measurements that the
asymmetrically loaded capsules are useful models
for active matter, and a comparison of their individ-
ual and collective behavior with that of the symmet-
rically loaded, passive particles will yield useful in-
sight on the role of activity in several experimental
situations like passing bottlenecks, self-organization
of collective motion (swarms), sedimentation, and
others.
3.2 Collective passage through nar-
row bottlenecks
Figure 8: Number of active capsules that have left
the container as a function of time, starting with
the exit of the first capsule. All data correspond
to d = 18 mm and Γ = 1.6 g. The black curves
represent θ = 4◦ tilt, the blue ones 2.5◦. The red
graphs reflect the respective averages (mean num-
ber of particles that have left the exit after time t).
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Figure 9: Number of active capsules that have left
the container as a function of time, starting with
the exit of the first capsule. All data correspond
to θ = 4◦ and Γ = 1.6 g. The black curves repre-
sent individual runs with d = 18 mm, green curves
21 mm, blue curves 15 mm. Red graphs reflect the
averages (mean number of particles that have left
the exit after time t). The initial rates N˙ are 1.7/s,
2.55/s, and 3.6/s, respectively, for the orifice sizes
15 mm, 18 mm, and 21 mm.
First, we checked how the fill level of our con-
tainer affects the discharge characteristics. Figure
8 shows two examples of the outflow characteristics
of active grains. We selected the d = 18 mm orifice
data at 1.6 g excitation strength and varied the tilt
angle. It is seen that individual discharges vary sta-
tistically around an average value (red curves) for
each tilt angle. The discharge curves are on average
rather linear as long as enough grains remain in the
container. This means that the mean outflow rate
is roughly constant until about 2/3 of the initial
filling has left the container. The last ≈ 15 par-
ticles discharge slightly slower than the first ones.
In particular, the outflow rate drops significantly
when less than 10 capsules remain in the container.
Some of these remaining grains are stuck head-on
at the side walls in positions that they keep for a
long time when there are no other capsules colliding
with them.
An interesting aspect is the dependence of the
discharge rate on the orifice size. There are differ-
ent predictions for pedestrians or animals passing
a gate, where the rate N˙ of individuals exiting is
more or less linearly related to the gate width d,
N˙ ∝ dβ with β = 1. In contrast, the outflow rate of
granular material, in reasonable approximation de-
scribed by Beverloo’s law, goes with the exponent
β = 3/2 for 2D systems. This can be derived from
a simple geometric arguments: the product of the
orifice width and the velocity of particles passing
the exit. When one assumes that the granular par-
ticles in a silo fall from an arch with approximate
height d above the orifice, the exit velocity is ∝ √d,
Figure 10: Number of passive capsules that have
left the container as a function of time, starting
with the exit of the first capsule. All data corre-
spond to θ = 4◦ and Γ = 1.6 g. The black curves
represent individual runs with d = 18 mm, green
curves 21 mm, blue curves 15 mm. Red graphs re-
flect the averages (mean number of particles that
have left the exit after time t). The initial rates
N˙ are 2.5/s, 2.9/s, and 3.4/s, respectively, for the
orifice sizes 15 mm, 18 mm, and 21 mm
which yields β = 3/2. In our system of passive
particles (Fig.10), we find rates of 2.5/s, 2.9/s and
3.4/s for the three orifice widths 15 mm, 18 mm and
21 mm, respectively, from the linear slopes of the
averaged graphs when the container is well-filled.
This yields an exponent β ≈ 1. This is a quite rea-
sonable result: The width of the orifice determines
the number of particles passing per time, and they
all pass with roughly the same velocity since they
are not in free fall. They are subject to a contin-
uous drift down the slope. The surprising result is
found for the active particles. Here, the exponent is
β = 2.2±0.2 for the three mean discharge curves in
Fig. 9. This behavior is qualitatively different from
that of passive capsules.
A key feature of passages of living matter through
bottlenecks is their delay time between individuals
passing the outlet [22]. We extract this character-
istics directly from our experiments. Each graph
shown below is constructed from several indepen-
dent discharge runs, the active capsule data, for
example, from 50 individual runs each for each
parameter combination. The delay times τi be-
tween two objects subsequently passing the exit
are distributed according to a density p(τ) with∫∞
0
p(τ)dτ = 1. One can define a mean delay
time τ¯ under the condition that the integral τ¯ =∫∞
0
τp(τ)dτ is finite, otherwise one needs to re-
sort to other measures describing the overall dis-
charge characteristics. The probability of delays
being longer than a time τ is given by the comple-
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mentary cumulative distribution function (CDF)
G(τ) =
∫ ∞
τ
p(τ ′)dτ ′. (1)
with G(0) = 1 and G(∞) = 0. This cumulative
distribution of experimental data is much easier to
handle than p(τ). We have no theoretical prediction
of the actual form of G(τ) but it turns out that the
empirical ansatz
G(τ) =
1
1 + (τ/τ0)γ
(2)
with two adjustable parameters τ0 and γ is well
suited to describe all experimental data with de-
sired accuracy. The asymptotic tail of this distribu-
tion yields a power law dependence G ∝ τ−γ which
can be directly compared to data from other stud-
ies [22]. We note that the form of p(τ) is then not
as simple,
p(τ) =
γ
τ0
(τ/τ0)
γ−1
[1 + (τ/τ0)γ ]2
(3)
An advantage of the form of the cumulative function
is that the integral∫ ∞
0
G(τ)dτ =
∫ ∞
0
τp(τ)dτ = τ¯ (4)
exists for γ > 1 and yields the analytical expression
τ¯ =
pi
γ sinpi/γ
τ0 (5)
for the mean delay time τ¯ as a function of the fit
parameters τ0 and γ. The very good agreement be-
tween the experimental G(τ) values and the empiri-
cal fit function Eq. (2) is demonstrated in Appendix
B.
The passage experiments were performed for
three different opening sizes, three different exci-
tation strengths and several tilt angles. In order to
restrict the data in this paper to the essentials, we
present as examples an excitation strength depen-
dence at fixed tilt and orifice (Fig. 11), an orifice size
dependence with fixed tilt and excitation (Fig. 12),
and a tilt angle dependence at fixed orifice and ex-
citation parameters (Fig. 13).
The influence of different excitation strengths on
the distribution of delay times between passages of
individual particles is shown in Fig. 11a for active
and passive capsules. It is seen that the influence of
a higher or lower excitation strength on the global
shapes of the curves is limited to a shift to longer or
shorter times, respectively. With larger excitation
amplitudes, the curves are shifted to shorter delay
times τ0 but the slopes remain the same within ex-
perimental uncertainty. This means in particular
a) b)
Figure 11: a) Excitation strength dependence of
G(τ) for active and passive capsules. The excita-
tion strength is measured in terms of the maximum
acceleration of the vibrating plate in units of the
gravitational acceleration g. b) corresponding fit
parameters τ0 (Eq. (2)).
that the exponents γ of the fit curves, reflected in
the slopes in the log-log plot for large τ , are practi-
cally independent of the excitation strength. These
γ are shown for different orifice sizes and excita-
tion strengths in Fig. 12b. The fit parameters τ0
are systematically smaller for the passive particles
than for the active ones at given d and Γ and θ for
all experiments. It is also seen that the exponents
for passive and active capsules are substantially dif-
ferent. The average coefficient for active grains is
γa = 1.57 ± 0.1, whereas the average for passive
grains is γp = 2.58 ± 0.05. Both coefficients are
large enough to guarantee the convergence of the
integral in Eq. (4). The corresponding mean delay
times τ¯ are ≈ 0.58 τ0 for our active and ≈ 0.36 τ0
for our passive particles.
a) b)
Figure 12: a) Orifice size dependence of G(τ) for
active and passive capsules. The excitation strength
is measured in terms of the maximum acceleration
of the vibrating plate in units of the gravitational
acceleration g. b) corresponding fit parameters γ
(Eq. (2))
Figure 13 shows the tilt angle dependence of the
delay distributions G(τ). The orifice width and ex-
citation strength were kept constant. It is obvious
that the slopes at large τ are only slightly influ-
enced by the variation of the effective gravitation
(’motivation’). A change of the tilt angle θ from
2.5◦ to 4◦ reduces γ by only 10% for active and 7%
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Figure 13: Tilt angle dependence of G(τ) for active
and passive capsules. The main effect of tilt angle
changes is a reduction of τ0.
for passive capsules. On the other hand, the larger
tilt angle reduces τ0 by 65% for the active grains
and 33% for the passive ones.
4 Discussion and summary
The investigation of symmetrically and asymmetri-
cally loaded spherocylindrical capsules on a vibrat-
ing plate can be used to explore the characteristics
of self-propelled objects with qualitatively different
features. We have found that capsules equipped
with an asymmetric weight perform a directed mo-
tion along their long axis with velocities between 5
mm/s and 10 mm/s. The directed motion is in the
direction of the heavier part. Velocities of individ-
ual capsules vary within a narrow range. For excita-
tion strengths between 1.4 g and 1.8 g acceleration
amplitude (70 Hz frequency), an increase of the ex-
citation strength causes a faster motion. Above 1.8
g, the particles start to lift their lighter halves from
the vibrating plate, and the propagation velocity
drops. At the same time, the capsules undergo fluc-
tuations of their orientations on the scale of a few
seconds, so that the persistence length of their in-
dividual trajectories is of the order of a few particle
lengths. This behavior reflects some of the features
of bacteria, worms or ants in the search for food.
When we break the in-plane symmetry of the vi-
brating plate by a slight tilt of 2◦ to about 5◦, the
active motion of the particles is superimposed by a
drift down the slope. There is a small tendency of
individual active capsules to orient with the heav-
ier part uphill so that the active motion counteracts
the downward drift. When the active particles are
enclosed in the container at large packing fractions,
and they have contact to their neighbors, this ten-
dency is less pronounced (see video in [86]). Thus,
we assume that this effect is not the primary reason
for the observed unique discharge characteristics of
the container.
The symmetrically loaded, passive particles per-
form no directed motion, they show a purely diffu-
sive behaviour, where the diffusion along the cap-
sule axis is dominating and diffusion perpendicular
to it can be practically neglected. They reflect the
typical behavior of inanimate matter. The compar-
ison of both types of objects may help to identify
some statistical consequences of biological and gran-
ular particle activity.
Besides the motion of individual particles, among
the interesting problems is the interaction of mul-
tiple particles, alignment and local order as a func-
tion of the packing density, the sedimentation of
active particles, and the passage around obstacles
or through bottlenecks. Our study was focused on
the latter problem. The first surprising observation
is the discharge rate vs. orifice width. Passive cap-
sules behave just as intuitively predicted, with the
discharge rate roughly proportional to the orifice
width. This means that the capsules leave the ori-
fice at some average velocity that does not depend
on the orifice width. Such a behaviour is compa-
rable to many egress situations with living objects.
In contrast, the outflow rate of the active capsules
follows an orifice width dependence with at least
square power. The exponent determined from the
experiments is, independent of excitation strength
and tilt angle, β = 2.2 within 10% experimental
uncertainty. The reason for this is not obvious and
may require further experimental studies and, pri-
marily, appropriate numerical simulations.
The second difference between the discharge char-
acteristics of our active and passive particles is the
distribution of delay times τ between subsequent
passages of particles. The cumulative functions
G(τ) of passive capsules are characterized by an ex-
ponent γp = 2.58±0.1 of the long-time tail, whereas
the active capsules exhibit a much weaker exponent
of γa = 1.57±0.15. This means that their probabil-
ity of long delays is considerably higher than for the
passive particles. Compared to animals passing a
gate [22] or pedestrians exiting through a door [83],
the exponents γ in our experiments are considerably
smaller, i. e. the probability of long-term conges-
tions is much larger for our active capsules. One
of the reasons is that the activity is not directed
towards the outlet like in usual egress experiments
with living matter, but the individual particle ve-
locities are determined by the ’erratic’ orientations
of the individuals. This behavior can at best be
compared to random motion of lower organisms or
a crowd in disordered panic.
In vibrated hoppers, Janda et al. [61] determined
time lapses between subsequent grain passages and
found tails with exponents near τ−2 in the p(τ)
graphs (corresponding to asymptotic tails ∝ τ−1 in
the cumulative distributions). In some of these ex-
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periments, the integral to calculate the mean time
lapse diverges and one needs an alternative charac-
terization of the dynamic state of the system. An
experiment with ’bristlebots’, self-propelled elon-
gated mechanical toys [87, 88], yielded exponents
that are also much smaller than those found in our
study, close to the critical value of γc = 1 where τ¯
diverges.
Finally, suspensions of particles passing bottle-
necks show a similar intermittent behavior, but
with tails consistently flatter than τ−2 in p(τ) [89]
(γ < 1). With respect to the intermittent charac-
ter of the flow, the present system thus represents
an intermediate dynamics between those of living
objects and those of suspensions in bottleneck ge-
ometries.
The results obtained for all these experimental
parameters are surprisingly robust. Changes of the
tilt angle (the ’incentive’) and the excitation pa-
rameters do essentially affect the time scales of the
egress, but leave the scaling exponents γ and β
practically unaffected. This suggests that these dy-
namical parameters are determined essentially by
the particle dynamics, not by the geometrical or
dynamical details. The opening size merely deter-
mines the outflow rate but not the shapes of the
characteristic curves. This makes us confident that
many of the above results can be generalized.
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Appendix A: Distributions of
displacements for active and
passive particles
Figure 14 shows the distribution of translational
and rotational displacements of the passive parti-
cles, measured from 11 individual trajectories. It
is obvious that the distribution functions broaden
continuously, leading to the mean values shown in
Fig. 6 above, but the spatial displacements are sta-
tistically symmetric with respect to positive and
negative steps. Note that the diffusion along the
particle axis is much faster than in perpendicular
direction, by a factor of approximately five. The
rotational distribution also broadens continuously,
but it has in general a small bias towards one of
the two rotation senses. This small asymmetry is
not considered relevant here, each individual cap-
sule has a slight bias in one or the other direction.
Figure 14: Top to bottom: Distributions of dis-
placements of a passive capsule along the capsule
axis, of the displacement perpendicular to the cap-
sule axis, and of the rotation angles as a function
of the delay ∆t. d = 18 mm, θ = 4◦
Figure 15 shows the distribution of translational
displacements of the active particles along their
axis, measured from 11 individual trajectories each.
The distribution functions broaden continuously
with larger delay ∆t, but most prominent is the
shift of the funcion in the direction of the front
end of the particle. This shift becomes faster with
stronger excitation. The displacement perpendicu-
lar to the active axis are comparable to those of the
passive capsules.
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Figure 15: Distributions of displacements of an ac-
tive capsule along its axis as a function of the delay
∆t, for an excitation with accelerations 1.4 g, 1.6 g
and 1.8 g from top to bottom. (The upper graph is
equivalent to Fig. 5, left).
Appendix B: Fit of the cumula-
tive distribution G(τ)
Figure 16 demonstrates the quality of the fit func-
tion, Eq. (2), for the determination of characteristic
parameters describing the experiment. The exper-
imental data are well reproduced by the empirical
fit. There is a slight deviation for very long τ which
arises primarily from a few particles dwelling in the
container when it is nearly emptied. One can get
an impression of the distribution function p(τ) us-
ing the fit parameters and Eq. (3). It agrees with
the experimental data satisfactorily, but naturally
the experimental results for p(τ) scatter much more
than those of its integral G(τ).
Figure 16: Cumulative distribution of the delays
between passages of subsequent capsules for d =
18 mm, θ = 4◦ and Γ = 1.6 g and the fit to Eq. (2)
(red curve) with parameters γ = 1.52 and τ0 =
0.36 s. The inset shows the distribution p(τ) that
follows from Eq. (3) using the above fit parameters.
11
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